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Nerve growth factor-␤ (NGF) is essential for the correct development of the nervous system. NGF exists in both a mature form and a pro-form (proNGF). The two forms have opposing effects on neurons: NGF induces proliferation, whereas proNGF induces apoptosis via binding to a receptor complex of the common neurotrophin receptor (p75NTR) and sortilin. The overexpression of both proNGF and sortilin has been associated with several neurodegenerative diseases. Insights into the conformational differences between proNGF and NGF are central to a better understanding of the opposing mechanisms of action of NGF and proNGF on neurons. However, whereas the structure of NGF has been determined by X-ray crystallography, the structural details for proNGF remain elusive. Here, using a sensitive MS-based analytical method to measure the hydrogen/ deuterium exchange of proteins in solution, we analyzed the conformational properties of proNGF and NGF. We detected the presence of a localized higher-order structure motif in the pro-part of proNGF. Furthermore, by comparing the hydrogen/ deuterium exchange in the mature part of NGF and proNGF, we found that the presence of the pro-part in proNGF causes a structural stabilization of three loop regions in the mature part, possibly through a direct molecular interaction. Moreover, using tandem MS analyses, we identified two N-linked and two O-linked glycosylations in the pro-part of proNGF. These results advance our knowledge of the conformational properties of proNGF and NGF and help provide a rationale for the diverse biological effects of NGF and proNGF at the molecular level.
Neurotrophins are a family of proteins critical for the correct development and maintenance of both the central and the peripheral nervous system (1) . This family of proteins has a wide range of biological effects on neurons including the regulation of differentiation, promotion of survival, modulation of plasticity, and induction of apoptosis (2) . The most abun-dant of the neurotrophins is nerve growth factor-␤ (NGF). 2 Its neurotrophic effect is mediated via binding to both tropomyosin receptor kinase A (TrkA) and the common neurotrophin receptor p75NTR (1, 3) .
NGF is expressed in a pro-form (proNGF), which is proteolytically cleaved to the mature form by several different proteases (e.g. furin) (4 -6) . For many years the pro-part was described only as a chaperone-like entity facilitating the folding of the mature part of the protein. Recently, several research groups have reported that proNGF inherently exhibits biological activity (2, 4, 7, 8) . Interestingly, proNGF shows the opposite biological effect on neurons as compared with NGF, as proNGF induces apoptosis by activating a receptor complex of p75NTR and sortilin (8, 9) . Furthermore, increased levels of proNGF and expression of sortilin have been associated with diverse pathological conditions in which apoptosis of neurons are prevalent, e.g. ischemic stroke, seizure, spinal cord injury, Alzheimer's disease, and multiple sclerosis (2, 10 -13) . The proNGF-sortilin-p75NTR interaction has been described as a new drug target in the treatment of the above-mentioned conditions, but the actual molecular mechanism behind the biological effect of proNGF is still inadequately understood. Simultaneous expression of p75NTR and sortilin appears to be necessary for the induction of apoptosis (8) , and it has been hypothesized that the pro-part of proNGF interacts with sortilin, whereas the mature part binds to p75NTR (8, 9) .
To be able to rationalize the diverse biological effect of proNGF and NGF and develop drugs targeting the proNGFsortilin interaction, it is crucial to characterize the proteins involved at the molecular level. NGF has been described extensively in the literature and has been crystallized both alone and in complex with the TrkA and p75NTR receptors (14 -17) . It is a dimer under native conditions, and its structure is dominated by three anti-parallel ␤-strands and three intersecting disulfide bonds forming a so-called cysteine knot that tightly binds the protein together ( Fig. 1) (18, 19) .
The difference between the primary structure of NGF and proNGF is the presence of a 103-residue N-terminal pro-part in proNGF ( Fig. 1B) (20) . Unfortunately, the structural characterization of proNGF by traditional biophysical methods has thus far been complicated by the highly dynamic nature of the propart and its sensitivity to proteolysis (5, 9, 18, 21, 22) . It has been shown that proNGF is also a homodimer under native conditions, and the structure of proNGF in complex with p75NTR has been solved by X-ray crystallography, but unfortunately clear electron density was only obtained for the mature part (9, 22, 23) . Additionally, proNGF has been characterized by solution-based biophysical methods such as nuclear magnetic resonance (5), fluorescence (18) , circular dichroism spectroscopy (5, 23) , Fourier transform infrared spectroscopy (5), small-angle X-ray scattering (SAXS), (22) and hydrogen/deuterium exchange measured by mass spectrometry (HDX-MS) (21) . These studies have described proNGF mainly at the global level, wherein the mature part of proNGF has been described as highly identical to NGF and the pro-part as highly flexible and dynamic, possibly with minor elements of structure. Finally, the pro-part of proNGF is known to be N-linked glycosylated, but the exact glycosylation sites and pattern have never been investigated thoroughly (4, 20) .
HDX-MS is a sensitive analytical tool, which can be used in investigating the conformational dynamics and interactions of proteins under native solution-phase conditions (24, 25) . During HDX-MS the exchange rate of backbone amide hydrogens is measured; this is defined by their engagement in hydrogen bonds (26 -29) . The exchange rate can vary by 7 orders of magnitude for an amide hydrogen in disordered proteins (non-hydrogen-bonded) compared with an amide hydrogen in a structured protein (hydrogen-bonded). The usefulness of HDX-MS in investigating highly-disordered parts of proteins, such as the pro-part of proNGF, has been indicated by the mapping of structured and disordered regions of intrinsically disordered proteins (30) . Furthermore, HDX-MS can be used to investigate subtle changes in the protein dynamics caused by proteinprotein interactions and might thereby be used to detect any conformational impact of the molecular interactions between the pro-part and the mature part of proNGF (25, 31, 32) .
In this work, we used HDX-MS to study the conformation of proNGF and NGF. We show that the pro-part contains several O-and N-linked glycosylations and that the pro-part exhibits protection from HDX near the O-linked glycosites, identifying the presence of a transient and localized secondary/tertiary structure motif (e.g. a higher-order structure in which backbone amide hydrogens participate in hydrogen bonds). In conjunction, we show that the HDX of the mature part of the protein is directly impacted by the pro-part, in that several loops of NGF show reduced HDX when the pro-part remains attached to NGF. Based on these new findings, we have proposed a model for the conformational interplay between the ordered and disordered parts of the proNGF dimer regarding how the pro-part reduces the binding affinity of proNGF toward both TrkA and p75NTR compared with NGF.
Results

Expression and purification of human proNGF
Full-length, glycosylated proNGF is inherently difficult to express and purify in eukaryotic host cells due to the presence of three protease (e.g. furin) cleavage sites in the pro-part (9) . To circumvent this challenge, most studies of proNGF thus far have been performed on nonglycosylated protein refolded following expression in Escherichia coli (5, 18, 21, 22) . However, by the introduction of double mutations in the three protease cleavage sites, mouse proNGF has been expressed successfully in high and homogenous yield in insect cells (9, 33) . The expressed mouse proNGF was shown to be biologically active and able to bind its natural receptors, sortilin and p75NTR. In the present study, we used this triple mutant approach and expressed human proNGF in Chinese hamster ovarian (CHO) cells. To our knowledge this is the first time that full-length, glycosylated, human proNGF has been successfully expressed in a mammalian host organism and purified in yields suitable for detailed structural characterization.
Identification of N-and O-linked glycosylations on human proNGF
To investigate the glycosylation status of proNGF, an intact mass analysis of nontreated and PNGase F-and sialidasetreated proNGF was performed by electrospray ionization (ESI) mass spectrometry (Fig. 2, A and B) . The observed mass shift in the mass spectrum of proNGF after treatment with PNGase F and sialidase corresponds to the removal of two biantennary complex glycans, clearly showing that proNGF contains two N-linked glycans. The most abundant form of the N-linked glycans is core-fucosylated and end-capped with a single sialic acid moity at each antenna (Fig. 2, A and B) . Of the four peaks in the PNGase F-and sialidase-treated mass spectrum ( Fig. 2B ), only the peak with the lowest mass (peak 1: 25,762.7 Da) corresponds to the theoretical mass of proNGF including two Asnto-Asp modifications (34). Thus, proNGF exists as four different species even after enzymatic removal of the two N-linked glycans. Interestingly, the mass difference between these species of proNGF correlated with sugar moieties, indicating the presence of further glycosylations not cleavable by PNGase F and sialidase. The heterogeneity of proNGF disappeared after further O-glycosidase treatment, confirming the presence of O-linked glycans (Fig. 2 , B and C) (35) . From the intact mass analysis of proNGF, it can be estimated that 12% of proNGF is not O-linked glycosylated, whereas the rest of the protein population (88%) contains from one up to three O-linked glycosylations (Fig. 2B ). The O-linked glycans most likely consist of one N-acetylgalactosamine, one galactose, and either one or two sialic acid entities (supplemental Fig. S1 ), as the biosynthesis of O-glycans containing multiple sugar moieties is most commonly initiated by the attachment of an ␣-linked N-acetylgalactosamine followed by the attachment of a galactose entity (36, 37) . Furthermore, the identified types of O-glycosylations are similar to the ones reported previously for CHO cells (38) .
Mapping of N-and O-linked glycosylation sites
To map the N-glycosylation sites on proNGF, a tryptic digestion of untreated and PNGase F-treated proNGF was performed, and the resulting peptides were analyzed by reversephase ultra-high-performance liquid chromatography (UPLC) ESI tandem mass spectrometry (MS/MS). A conventional peptide search algorithm (not able to identify glycopeptides) was used to identify tryptic peptides. The resulting sequence coverage map from the nontreated sample contained two regions without sequence coverage in the pro-part of proNGF: 
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Val Ϫ59 -Arg Ϫ47 and Val Ϫ35 -Arg Ϫ4 (supplemental Fig. S2 ). These two regions, containing an N-linked consensus motif at Asn Ϫ53 and Asn Ϫ8 , were covered by peptides in the PNGase F-treated sample (taking into account a single Asn-Asp conversion in each peptide) indicating the presence of an N-linked glycan at both Asn Ϫ53 and Asn Ϫ8 (34, 39) . This indication was supported by manual identification of glycopeptide Asn Ϫ53 -Arg Ϫ47 and glycopeptide Val Ϫ35 -Arg Ϫ4 , confirming the identity of N-linked glycans at both Asn Ϫ53 and Asn Ϫ8 (supplemental Fig. S3 ). The most prominent glycan form on both sites was a complex biantennary glycan that was fucosylated and endcapped with a single sialic acid at each antenna, as also observed in the intact mass analysis.
The mapping of O-linked glycosylation sites is more challenging than for N-linked glycosylation sites due to the absence of sequence consensus motifs (40) . However, glycopeptides can be differentiated from non-glycopeptides by their gas-phase fragmentation pattern in collision-induced dissociation, as the attached glycan results in specific high-intensity fragments in the low m/z range (e.g. oxonium ions) (41) (42) (43) . By exploiting this property, several O-linked glycopeptides covering the region Val Ϫ35 -Arg Ϫ4 were detected. The Val Ϫ35 -Arg Ϫ4 region of the pro-part contains three possible O-linked glycosylation sites (Ser Ϫ32 , Thr Ϫ31 , and Thr Ϫ22 ), and each peptide detected contained either one or two O-linked glycosylation sites. To pinpoint the individual O-linked glycosylation sites in proNGF, MS/MS experiments using electron transfer dissociation (ETD) were performed on four O-linked tryptic glycopeptides. ETD is a non-ergodic gas-phase fragmentation technique that gives rise to backbone fragmentation at the N-C␣ bond (c and z ions) while retaining labile post-translational modifications (such as O-linked glycosylations) on the backbone fragments (44, 45) .
The ETD spectrum of glycopeptide Val Ϫ35 -Arg Ϫ7 containing one O-linked glycan shows abundant fragmentation of the backbone (Fig. 2D ). The presence of the unmodified c 4 , z 24 , and z 21 ions and glycosylated c 5 and z 25 ions allows an unambiguous assignment of the O-linked glycan to Thr Ϫ31 . No evidence was found for a glycosylated c 4 or z 24 ion or for the presence of a chromatographically separated m/z isomer of the precursor mass, indicating that the O-linked glycosylation at Thr Ϫ31 probably precedes additional O-glycosylations of proNGF.
The ETD spectrum of glycopeptide Val Ϫ35 -Arg Ϫ7 containing two O-linked glycans also displayed abundant fragmentation of the backbone ( Fig. 2E ). On the basis of the identified fragment ions and the specific identification of an unmodified z 16 ion, single glycosylated c 4 and z 25 ions, and a doubly glycosylated z 26 ion, the second O-linked glycosylation site on proNGF could be unambiguously assigned to Ser Ϫ32 . The occupancy of the O-glycosylation sites at Ser Ϫ32 and Thr Ϫ31 was 49 and 88%, respectively ( Fig. 2B) . It was not possible to map the third O-linked glycosylation site because of the low occupancy (8%) at this site.
HDX-MS analysis of proNGF and NGF
Our initial experiments showed proNGF and NGF very challenging to investigate via a conventional "bottom-up" HDX-MS workflow, as the cysteine knot was completely resistant to reduction by the addition of tris(2-caboxyethyl)phosphine (TCEP) to the quench buffer. This resulted in low sequence coverage in major parts of NGF and the mature part of proNGF, e.g. total sequence coverage below 50% (46) . To meet this challenge, a HDX-MS-compatible workflow employing online electrochemical reduction was developed, allowing us to successfully reduce the cysteine knot under quenched conditions (e.g. low pH and temperature). By employing this workflow, an effective sequence coverage, 100 and 87% of NGF and proNGF, respectively, was achieved ( Fig. 3) . The missing sequence Conformational characterization of pro-nerve growth factor-␤ coverage of proNGF from residues Glu Ϫ16 -Cys 15 could be ascribed to the heterogeneity of the N-linked glycan at Asn Ϫ8 diminishing the signal from the single glycopeptide.
Identification of local higher-order structure in the pro-part of proNGF
The structural dynamics of the pro-part of proNGF were investigated by HDX-MS. Backbone amide hydrogens in the disordered regions of proteins undergo rapid exchange compared with regions containing hydrogen bonding (higher-order structure) and are completely labeled within a few seconds after dilution into a deuterated buffer ( Fig. 3 , B and C) (30, 47) . Deuterium incorporation following 15 s of peptides originating from the pro-part was compared with deuterium incorporation of an equilibrium-labeled (90%) sample ( Fig.  4A and supplemental Fig. S4 ). Four peptides spanning residues Phe Ϫ45 to Glu Ϫ26 showed a significant protection from exchange (p Ͻ 0.01), and the protection could be sublocalized to residues Arg Ϫ42 -Phe Ϫ33 based on the following three observations: (i) no protection was observed for peptide Ser Ϫ32 -Phe Ϫ17 ; (ii) the absolute protection in peptide Ala Ϫ43 -Phe Ϫ33 was not significantly different from any of the three other peptides where protection was observed; and (iii) the first amide (i.e. Ala Ϫ42 in peptide Ala Ϫ43 -Phe Ϫ33 ) in a peptide normally back-exchanges too rapidly to be measured in a classic bot-tom-up HDX-MS experiment (47, 48) . The use of overlapping peptides to sublocalize the protection is valid only if the back-exchange of the compared peptides is similar (less than 11 percentage points) (49, 50) . No significant difference in the deuterium incorporation level was observed for longer peptides that also spanned this area (e.g. Phe Ϫ45 -Phe Ϫ17 ), as the deuterium incorporation of larger peptides tends to have a higher standard deviation.
The observed protection from exchange in this region shows that at least one or several of the backbone amide hydrogens in this region engage in hydrogen bonds of moderate stability either with hydrogen bond acceptor sites in the pro-part or residues in the mature part of proNGF. In other words, this region of the pro-part is not fully disordered in solution and contains a localized element of higher-order structure.
The detected protection from exchange corresponds well with structural prediction algorithms ( Fig. 4B) (51, 52) . The protection was observed in the only region of the pro-part where disorder is not predicted and secondary structure elements are predicted at the same time. The ␣-helix structure is predicted slightly before the observed protection, which can be ascribed to the fact that the first four backbone amide hydrogens in the N terminus of an ␣-helix do not engage in hydrogen bonding and thereby are unprotected (53, 54) .
The pro-part changes the structural dynamics of loop regions in the mature part of NGF
proNGF have been inherently difficult to investigate by traditional biophysical methods, and little is known about the conformational effect (if any) on the mature part of proNGF caused by the presence of the pro-part. To investigate this effect, a comparative HDX analysis of the mature part of proNGF and NGF was performed ( Fig. 5 and supplemental Fig. S4 ). Interestingly, the presence of the pro-part provided significant protection from exchange of backbone amide hydrogens in three segments comprising loops I, II, and IV of the mature part of proNGF. In the peptides spanning loop I (residues 23-35) and loop II (residues 40 -49) a difference in deuterium incorporation was seen at the first two time points, whereas the difference in deuterium incorporation for peptides spanning loop IV (residues 91-97) was most pronounced at the second time point. The three loop regions form a continuous surface in the top and along the side of the NGF dimer. Notably, the surface patch is situated in the opposite end of the molecule to the pro-part attachment site and the cysteine knot, for both of which no difference in exchange was observed ( Fig. 5 ).
Discussion
Glycan analysis
Human proNGF has for a long time been suggested to be N-linked glycosylated at Asn Ϫ53 and Asn Ϫ8 (4, 9, 20) . The results of the glycan analysis of proNGF presented in this study confirm this proposition. The further identification of two O-linked glycosylation sites at Ser Ϫ32 and Thr Ϫ31 has, to our knowledge, not been described previously in the literature. The presence of both N-linked and O-linked glycans on the pro-part of proNGF is intriguing, as glycosylations are known to modulate protein structure, stability, function, and in vivo activity Conformational characterization of pro-nerve growth factor-␤ (55) (56) (57) . Furthermore, the glycosylations can be important in the interaction of proNGF with sortilin, which is specifically thought to be mediated by the pro-part (8) . It is important to note that the identified glycoforms of proNGF expressed in CHO cells are likely not identical to the exact glycoforms of proNGF found in human brain tissue (58 -60) . Especially O-glycosylation sites have been shown to differ between recombinant protein and naturally derived protein material (61) , and the identified O-glycosylations sites in the pro-part of proNGF can only be interpreted as an indication of the presence of O-linked glycosylations in human proNGF.
Interestingly, the identification of O-linked glycosylations sites close to one of the mutated furin cleavage sites, however, could be biologically relevant, as O-linked glycosylation have been shown to be protective toward pro-protein convertases such as furin (62, 63) . Furthermore, the presences of the O-linked glycosylation sites (Ser Ϫ32 and Thr Ϫ31 ) are in very close proximity to residues Arg Ϫ41 -Phe Ϫ33 , where protection from exchange and thereby secondary structure was identified. It is thus possible that the O-linked glycans could potentially serve a structural role by providing a scaffold or nucleation point for the localized higher-order structure in the pro-part of proNGF.
The precise function of the identified O-glycosylations will require further experiments to clarify.
Identification of local higher-order structure in the pro-part of proNGF
The pro-part of proNGF has been studied by diverse biophysical methods and has previously been indicated as highly flexible with minor elements of higher-order structure (5, 18, 21) . The SAXS data from proNGF support these findings and suggest that the relative hydrophobic pro-part does not fluctuate freely in solution but collapses onto the mature part of the protein (22) . An interaction with the mature part of NGF is in excellent accordance with the finding of local secondary higher-order structure in the present study and the observed surface patch of mature NGF stabilized by the pro-part. We note that the proNGF construct used in this study contains three double Ala mutations in the pro-part. One of these is in immediate proximity to the segment where hydrogen-bonded amides were identified. Ala is known to be the greatest ␣-helix stabilizer of all the amino acids (64), but if the Ala mutations induce ␣-helix formation, they would likely be directly involved and thereby participate in hydrogen bonding. This is not the case, considering that the observed protection can be ascribed mainly to residues Arg Ϫ41 -Phe Ϫ33 .
The localization of the local higher-order structure in the pro-part of proNGF expressed in E. coli has been attempted earlier by HDX-MS (21) . Here, a protection from exchange was detected in two peptides spanning residues Trp Ϫ83 to Ala Ϫ63 , a region where no protection was observed in the present study. Furthermore, no protection of exchange was reported in the region from residues Arg Ϫ41 to Phe Ϫ33 , where protection was identified in the present study. These diverging results can be explained by use of different protein material from different host organisms (i.e. E. coli is not able to glycosylate proteins). Furthermore, several questions can unfortunately be raised concerning the data quality and interpretation presented in the earlier study (21) . First, the peptic peptides were assigned to a given sequence based only on their intact mass without supportive fragmentation (MS/MS) data. Secondly, the deuterium incorporation was compared with a calculated maximum level of incorporation, corrected for back-exchange by using only two control peptides at a length of 12 and 21 residues. This can be problematic, as back-exchange rates are dependent on the primary amino acid sequence and thereby are highly peptide- Conformational characterization of pro-nerve growth factor-␤ dependent (47, 50, 65) . Finally, the reproducibility of the reported deuterium incorporation is remarkably low (48) . For one of the peptides, where a protection was observed, a standard deviation of Ϯ7.7 deuteriums was reported. In the present study, we addressed all these concerns by performing the HDX experiments in accordance with present guidelines (25, 48) . The identification of peptides was supported by fragmentation data, an equilibrium-labeled sample was used as control to correct for differences in back-exchange from peptide to peptide, and a markedly higher reproducibility of deuterium incorporation was obtained (supplemental Fig. S4 ). We are convinced that the clear discrepancies between the results from our present study and that of Kliemannel et al. (21) should be explained by the above differences in experimental approach. We believe that our HDX-MS measurements show convincingly that structural elements are present in the pro-part, and that these can be mapped to the Arg Ϫ41 -Phe Ϫ33 region of proNGF.
The pro-part changes the structural dynamics of loop regions in the mature part of NGF
proNGF has until now been elusive to characterize by conventional biophysical methods, and thus far only a single crystal structure of proNGF has been published (9) . proNGF was crystallized in complex with p75NTR, but unfortunately clear and well-defined electron density was obtained only for the mature part of proNGF. In this structure, the mature part of proNGF is highly similar to NGF in complex with p75NTR, and only loop II adopts a slightly altered conformation (9, 16) . In the proNGF-p75NTR complex, loop II is found in an open conformation, where the two loops in the dimer of proNGF bend away from each other and the dimer interface. This is opposite to the NGF-p75NTR complex, where the two loops bend toward each other and the dimer interface, in a closed conformation. Furthermore, unassigned electron density is situated between the two loops of loop II in the proNGF-p75NTR complex, which have been suggested to be a segment of the pro-part (9) .
The conformational effect of the presence of the pro-part on the mature part of proNGF has also been investigated by fluorescence spectroscopy (21) . This study suggests that Trp 21 takes part in a binding surface between the pro-part and the mature part of proNGF. However, Trp 21 adopts the same conformation in either crystal structures of NGF and proNGF in complex with p75NTR, and the Trp side chain engages in a hydrogen bond with p75NTR in both complexes (9, 16) . Several simulations and models of the structure of proNGF have been presented, which have tried to incorporate the experimental data from the SAXS, HDX-MS, and fluorescence spectroscopy studies discussed above (5, 21, 22) . These models are an ensemble of structures in which the pro-part is suggested to pack mainly in proximity to the bottom of the mature part of the protein, forming a "crab-like" structure where the relative hydrophobic pro-part collapses onto the bottom of the mature part and only seems to interact directly with loop I of the loop regions in the mature part of proNGF (5, 22) .
In contrast, the presented solution-state HDX-MS data of proNGF and NGF show no significant differences in exchange in the bottom of the mature part in the presence of the pro-part ( Fig. 5 ), which is tightly bound together by the cysteine knot. On the other hand, a conformational perturbation of loops I, II, and IV was observed in the presence of the pro-part. The change in conformation of loop II corresponds well with the crystal structure of proNGF in complex with p75NTR (9) . The further change in structural dynamics observed in loops I and IV of our solution-phase experiments cannot be rationalized on the background of the crystal structure. Our data are, however, supported by binding studies of proNGF to NGF antibodies, in which NGF antibodies targeting loops I, II, and IV have reduced affinity toward proNGF compared with NGF (22) . Thus, the pro-part either sterically shields the antibody epitopes or perturbs the epitope recognized by the antibodies.
A refined model for the mechanism of action of the pro-part of proNGF
Based on the present experimental study of proNGF in solution, we propose a model whereby the structural stabilization of the three loops in the upper part of the mature part of proNGF is caused by a direct molecular interaction between the pro-part and the mature part (Fig. 6A) . The segment of the pro-part responsible for interaction with the mature part of NGF (residues Arg Ϫ41 -Phe Ϫ33 ) does so by forming a localized higherorder structure scaffold in the otherwise disordered pro-part Figure 6 . A refined structural model of proNGF. A, schematic representation of the findings presented in the current study. We propose that the part of the pro-part where local higher-order structure was identified interacts with parts of loops I, II, and IV via a combined intra-and intermolecular mechanism. The white hexagons mark N-linked glycosylation sites, and the gray hexagons mark O-linked glycosylation sites. To decrease the complexity, the pro-part was included on only one of the NGF monomers (PDB ID: 1SG1). B, biological effect of proNGF and NGF on neurons. NGF induces the growth of neurons by binding to the TrkA and the p75NTR receptors, whereas proNGF mediates apoptosis of neurons by binding to a receptor complex of sortilin and p75NTR. Figure adapted from (8) . C and D, crystal structures of NGF (gray) in complex with TrkA (orange) and p75NTR (green) (PDB ID: 2IFG and 1SG1). Residues in NGF that form hydrogen bonds with the receptors are highlighted as sticks and colored blue. Inserts, zoom image of the binding surface implicating loops I, II, and IV of NGF. To simplify this figure, the second receptor molecule of TrkA and p75NTR was omitted.
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that optimizes binding to the continuous surface formed by loops I, II, and IV of the mature part of proNGF.
It is in principle not possible to discern, from the HDX data alone, whether the interaction between the pro-part and the mature part is solely of an intramolecular nature (i.e. pro-part interacting solely with loops of its own mature part) or the pro-part adopts the more direct alignment in which it interacts with the NGF loops in closest proximity to the pro-part attachment site (i.e. from both molecules of the dimer) ( Fig. 6A and  supplemental Fig. S5 ). Such a "combined intra/intermolecular interaction" mode between the pro-part and the mature part would impart significant additional stability to the proNGF dimer compared with an exclusively intramolecular interaction mode. In good apparent correlation, it has been shown that the proNGF dimer is significantly more thermodynamically stable than the NGF dimer (5) . In either case, the interaction mode and conformational alignment of each pro-part in the proNGF dimer appears to be identical, as no evidence of conformational heterogeneity (i.e. bimodal exchange patterns) was found in our HDX data for all regions of proNGF.
The opposing biological effects of proNGF and NGF can be ascribed to two features of proNGF; its specific interaction with sortilin and its reduced affinity towards both TrkA and p75NTR ( Fig. 6B) (8) .
The proposed model provides a structural rationale for the reduced binding of proNGF to both TrkA and p75NTR. The binding interface in the NGF-TrkA complex from the NGF point of view consists of two surfaces located spatially remote from each other, with which TrkA interacts in a bi-dendate fashion (Fig. 6C) (14, 15) . Binding surface A is formed by the N-terminal residues, close to the site of pro-part attachment. Binding surface B consists of the residues in loop I and the residues in the top of the surface of the four ␤-strands forming the dimer interface ( Fig. 6C ). No sequence coverage was obtained for the N-terminal of the mature part of proNGF (Ser 2 -Ser 13 ) in the current study, but the N terminus of NGF is known from other studies to be highly flexible and dynamic in solution (supplemental Fig. S4 ) (17) . Upon complexation of NGF and TrkA, the N terminus in NGF forms a short ␣-helix, which is highly important for the binding and specificity of NGF toward TrkA (14) . The presence of the pro-part, extending from the immediate vicinity, might sterically interfere with the formation of this helix and the correct alignment of TrkA for binding to binding surface A on NGF. More importantly, our experimental results show, for the first time, that a surface defined by loops I, II, and IV of NGF, which overlaps partially with binding surface B, becomes stabilized in solution in the presence of the pro-part ( Fig. 5) (9, 21) . Perturbation of the conformation of loops I, II, and IV of the pro-part by a direct binding model provides a rationale for how the pro-part directly impairs the ability of TrkA to access binding surface B on the mature part of proNGF. Hence, the detected local conformational stabilization of the mature part by the pro-part may directly explain the decreased affinity of proNGF for TrkA compared with NGF (8) . In support of this concept, mutational studies have shown that both loop II and loop IV are important for the biological activity of NGF (66), and these two loops have also been suggested to associate with the membrane linker of TrkA (14, 15) .
The binding interface between NGF and p75NTR can also be divided into two different binding sites (Fig. 6D ). The first binding site constitutes residues in the upper part of the ␤-strands that form the dimer interface and loops I, II, and IV (overlapping with binding surface B, described above for the TrkA-NGF interaction) (16) . As mentioned, the conformational stabilization of this region was observed in the presence of the pro-part ( Fig. 5 ) and thus also explains the decrease in affinity of proNGF toward p75NTR compared with NGF. The second binding site is situated in the bottom part of NGF where protruding apolar side chains form a zipper-like interface between NGF and p75NTR (16) . In this region, no conformational changes were detected in the presence of the pro-part ( Fig. 5 and supplemental Fig. S4 ). As the conformation of this part of the mature part of NGF was not affected by the presence of the pro-part, as indicated by our HDX measurements, we propose that this region of NGF is still able to engage in binding to p75NTR. Our model suggests that the ability of proNGF to retain interactions with p75NTR, in turn, might be important for the correct alignment of the pro-part for interaction with the sortilin receptor in the context of the proNGF-p75NTR-sortilin complex ( Fig. 6A ) (8) . Future experimental studies of the complexes formed between proNGF and NGF and their cognate receptors are needed to provide additional molecular insights into how neuronal development is regulated by the pro-and mature forms of NGF.
Experimental procedures
Materials
All reagents were purchased from Sigma-Aldrich in analytical grade except for the following: immobilized pepsin beads (Thermo Scientific), recombinant NGF (amino acid 1-117) (Sino Biological Inc.) and O-glycosidase (QA Bio). Sialidase was expressed and purified in-house as described in the literature (67) . PNGase F was expressed and purified in-house using a similar vector and expression system as described above for sialidase.
Expression of proNGF
Human proNGF (residues Asp Ϫ103 -Ala 120 ) was modified by three double alanine mutations (K Ϫ73 A, K Ϫ72 A, K Ϫ43 A, R Ϫ42 A, and K Ϫ2 A, R Ϫ1 A) to increase expression yield and prevent proteolysis, and a C-terminal His 6 tag was added at the C terminus (IEGRHHHHHH) (Fig. 3A) (9, 33) . The coding sequence for proNGF-His 6 was cloned into the pTT5 plasmid for transient gene expression in mammalian cells (GeneArt Gene Synthesis, Thermo Fisher Scientific). Transient gene expression was performed in CHO 3E7 cells using PEIpro (Polyplus-transfection SA) as a transfection reagent. The CHO 3E7 expression system, including the pTT5 vector, is licensed from the National Research Council of Canada. Cell culture supernatant was harvested by centrifugation followed by sterile filtration. Subsequently the medium was applied to a HisTrap column (GE Healthcare Life Sciences) in 20 mM sodium phosphate, pH 7.4, 1 M NaCl, and proNGF was eluted in a linear gradient to 0.5 M imidazole over 15 column volumes in the same buffer. Frac-
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tions were analyzed by SDS-PAGE and pooled according to the purity and concentration of proNGF determined by bicinchoninic acid assay (BCA, Pierce Biotechnology). The pooled fractions were finally dialyzed for 18 h against a PBS solution of 2.67 mM KCl, 1.47 mM KH 2 PO 4 , 137.93 mM NaCl, and 8.06 mM Na 2 HPO 4 -7 H 2 O, pH 7.4 (Gibco, Thermo Fisher Scientific).
Glycan analysis
PNGase F treatment of proNGF proNGF was mixed at 4:1 (v/v) with PNGase F and incubated for 16 h at 37°C in PBS buffer, pH 7.4.
PNGase F and sialidase treatment of proNGF
proNGF was mixed at 100:25:1 (v/v/v) with PNGase F and sialidase and incubated for 16 h at 37°C in PBS buffer, pH 7.4.
O-Glycosidase treatment of proNGF
PNGase F-and sialidase-treated proNGF were treated with O-glycosidase according to instructions provided by QA Bio.
Tryptic digest of nontreated and glycosidase-treated proNGF
proNGF (either untreated or glycosidase-treated) was denaturated (3 M guanidinium chloride for 30 min at 60°C), reduced (15 mM dithiothreitol for 120 min at 60°C), alkylated in the dark (20 mM iodoacetamide for 30 min at 25°C), and finally digested by trypsin (1:20 (w/w) for 16 h at 37°C).
Mass analysis of intact proNGF
150 -300 pmol of proNGF was loaded onto a reverse-phase UPLC system (nanoAquity, Waters Inc.). The protein was trapped unto a C4 trap column (ACQUITY UPLC BEH C4 1.7 m VanGuard column, Waters Inc.), desalted for 3 min at 100 l/min, eluted from the trap column by conventional reversephase chromatography, and ionized by positive ESI into a quadrupole time-of-flight (Q-TOF) mass spectrometer (Synapt G2, Waters Inc.).
Mapping of glycosylation sites
The tryptic peptide mixture (50 pmol) was loaded onto a reverse-phase UPLC system (nanoAquity, Waters Inc.), trapped on a C18 trap column (ACQUITY UPLC BEH C18 1.7 m VanGuard column, Waters Inc.), and desalted for 6 min at 200 l/min. The trap column was subsequently put in-line with a C18 analytical column (ACQUITY UPLC BEH C18 1.7 m, 1 ϫ 100 mm column, Waters Inc.), where the tryptic peptides were separated by reverse-phase chromatography and ionized by positive ESI into a Q-TOF mass spectrometer (Synapt G2, Waters Inc.). The tryptic peptides were analyzed by MS/MS with collision-induced dissociation. The mass spectrometer was operated in data-dependent acquisition mode. ETD of O-linked glycopeptides was performed in the trap traveling wave ion guide using 1,4-dicyanobenzene as the ETD reagent, as described elsewhere (68) . Supplemental activation (10 eV of collision energy) was applied in the transfer traveling wave ion guide to increase ETD fragment ion yields (69) .
Data analysis
Intact proteins-The acquired spectra were lock masscorrected against Glu 1 -fibrinopeptide B and deconvoluted in the MassLynx software using the MaxEnt1 algorithm.
Mapping of glycosylation sites-The acquired mass spectra were lock mass-corrected against Glu 1 -fibrinopeptide B and analyzed using PLGS 2.5 software, which matched precursor and fragment ions to a local protein database. All positive hits were validated manually. Oxonium fragment ions of N-acetylglucosamine/N-acetylgalactosamine, sialic acid subtracted water, and N-acetylglycosamine/N-acetylgalactosamine connected with galactose (204.0875, 274.1732, and 366.14 m/z, respectively) were used as reporter ions to manually identify Nand O-linked glycopeptides (41) (42) (43) .
HDX-MS analysis of proNGF and NGF
Exchange reaction
NGF and proNGF were buffer-exchanged into a 20 mM Tris buffer, pH 7.4, by spin-filtering (Vivaspin, 5,000 or 10,000 molecular weight cut-off, Sartorius Stedim). The exchange reaction was started by diluting proNGF or NGF samples (30pmol) 1:9 with 99% D 2 O, 20 mM Tris buffer (pD read 7.6) at 25°C. After various time points (15 s, 1 min, 60 min, and 16 h) the exchange reaction was quenched by the addition of an icecold 2% formic acid solution in a 1:1 relationship, thereby decreasing the pH to 2.20. The quenched samples were immediately frozen to Ϫ80°C until analysis. Equilibrium-deuterated control samples were prepared by incubating samples for 5 days at 25°C. The early time points (15 s, 1 min, and 60 min) were performed in triplicate, and the final time point and the equilibrated control sample were performed in duplicate.
UPLC-HDX-MS setup
The quenched samples were thawed and injected onto a cooled (0°C) reverse-phase UPLC-HDX system (Waters Inc.) with an integrated electrochemical reduction cell (high-pressure -prep cell, internal volume of 11 l, Antec) (46, 70, 71) and a home-packed pepsin column (internal volume of 60 l). The deuterated protein samples were subjected to online electrochemical reduction and subsequent pepsin digestion at 20°C (46) . The resulting peptic peptides were trapped unto a C18 trap column (ACQUITY UPLC BEH C18 1.7 M Van-Guard column, Waters Inc.) and desalted for 6 min at 50 l/min with 0.23% formic acid. The trap column was put in-line with a C18 analytical column (ACQUITY UPLC BEH C18 1.7 m, 1 ϫ 100 mm column, Waters Inc.), and the peptic peptides were separated by conventional reverse-phase chromatography (solvent A, 0.23% formic acid in water; solvent B, 0.23% formic acid in acetonitrile) and ionized by positive ESI into a Q-TOF mass spectrometer (Synapt G2, Waters Inc.). Identification of peptides was performed on fully reduced and non-deuterated samples by MS/MS using a combination of data-independent acquisition (MSe) and data-dependent acquisition.
Data analysis
Identification of peptides-The acquired mass spectra were lock mass-corrected against Glu 1 -fibrinopeptide B and ana-Conformational characterization of pro-nerve growth factor-␤ lyzed in PLGS 2.5, which matched precursor and fragment ions to a local protein database. The N-and O-linked peptic glycopeptides were identified manually.
Determination of deuterium incorporation-The acquired mass spectra were lock mass-corrected against Glu 1 -fibrinopeptide B, and the software DynamX 3.0 (Waters Inc.) was used to determine the deuterium uptake for all peptides.
Statistical analysis-All statistical analyses were performed using Excel software (Microsoft). All comparisons were performed with either a homoscedastic or a heteroscedastic Student's t test with the ␣-value set to 0.01. The choice to use either a homoscedastic or a heteroscedastic Student's t test was determined by using an F-test with the ␣-level set to 0.05. The F-test compares the variance of deuterium uptake of a single peptide at a single time point from two different states. In the comparative HDX analysis of NGF and the mature part of proNGF, a peptide was only considered to have a significant difference in HDX if two consecutive time points showed a significant difference in deuterium incorporation (p Ͻ 0.01).
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